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ABSTRACT 

.. , 

. 

An exper imenta l  i n v e s t i g a t i o n  of t h e  c a v i t a t i o n  r e s i s t a n c e  of 

three materials i n  mercury a t  500°F is reported. 

conducted i n  t h e  U l t r a s o n i c  Vibratory F a c i l i t y  i n  t h e  Nuclear En- 

g i n e e r i n g  Department of t h e  Un ive r s i ty  of Michigan. The materials 

eva lua ted  were: "pure" columbium, l'purect tan ta lum and 9 M  steel  

(9% chromium, 1% molybdenum, 0.1% carbon) .  

The tes ts  were 

The pure columbium is by far  t h e  least  r e s i s t a n t  t o  c a v i t a t i o n  

a t tack,  based on t h e  mean depth of p e n e t r a t i o n  (MDP) i n  mercury a t  

500°F. 

is t h e  m o s t  damage resistant of t h e  materials tested i n  t h i s  i n -  

v e s t i g a t i o n .  

Pure tan ta lum is f a r  better t h a n  columbium and t h e  a l l o y  9M 

A comparison of test data f r o m  t h i s  program is made w i t h  data 

ob ta ined  p rev ious ly  under t h e  same c o n d i t i o n s .  Th i s  comparison in -  

dicates t h a t  a l l o y s  of both tan ta lum and columbium are more resist- 

a n t  t o  c a v i t a t i o n  attack than  are t h e  pure materials. The a l loy  9M 

is s l i g h t l y  more r e s i s t a n t  t o  c a v i t a t i o n  attack than  304 SS, but  

s l i g h t l y  less t h a n  316 SS. 

The mechanical p r o p e r t i e s  of t h e  materials are compared w i t h  

p r e d i c t i n g  equa t ions  for  average MDP rate and show t h a t  hardness  and 

t e n s i l e  s t r e n g t h  are t h e  most u s e f u l  parameters f o r  p r e d i c t i o n  of 

r e l a t i v e  c a v i t a t i o n  r e s i s t a n c e  of these materials. While t h e  p r e s e n t  

tests were a t  500°F, l i q u i d  tempera tures  i n  t h e  SNAP boiler are ex- 

pec ted  t o  range up t o  110O0F. 

damage may be much less at  the e l e v a t e d  tempera ture  due t o  "thermo- 

dynamic effects". 

Previous  exper ience  i n d i c a t e s  t h a t  
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I .  INTRODUCTION 

Due t o  t h e  p o s s i b i l i t y  of us ing  pure  r e f r a c t o r y  metals, r a t h e r  

t h a n  a l l o y s ,  as  c o a t i n g s  i n  t h e  mercury two-phase f low regime of 

one v e r s i o n  of a mercury Rankine c y c l e  SNAP b o i l e r ,  it w a s  desired 

t o  de termine  t h e  c a v i t a t i o n  r e s i s t a n c e  of such metals i n  mercury a t  

500°F. T h i s  tempera ture  w a s  chosen s o  t h a t  comparisons wi th  p rev i -  

ous t e s t s  conducted on other materials would be a v a i l a b l e .  However, 

s i n c e  t h e  a c t u a l  o p e r a t i n g  tempera ture  may be as h igh  as  l l O O o  F ,  

f u t u r e  tests a t  h i g h e r  tempera tures  should be cons ide red .  I t  is 

q u i t e  l i k e l y  t h a t  c a v i t a t i o n  damage rates w i l l  be cons ide rab ly  re- 

duced a t  t h e  h i g h e r  tempera ture  where "thermodynamic" e f f e c t s  which 

moderate bubble  c o l l a p s e ,  are expected t o  be impor tan t  1 ,293  

The v i b r a t o r y  c a v i t a t i o n  f a c i l i t y  a t  t h e  U n i v e r s i t y  of Michigan 

was used  f o r  t h i s  work s i n c e  c o n s i d e r a b l e  damage t e s t i n g  of other 

materials i n  t h i s  f a c i l i t y  had a l M y  been completed 1 , 2 , 3  ,etc.  

The mater ia ls  tested were: columbium, tantulum and a l l o y  9M 

(9% chromium, 1% molybdenum, 0.1% carbon)  w h i c h  has  been used as a 

r e f e r e n c e  material f o r  some of t h e  bo i le r  work. The specimens were 

f a b r i c a t e d  and s u p p l i e d  by NASA. 

11. CAVITATION FACILITY 

The U n i v e r s i t y  of Michigan U l t r a s o n i c  C a v i t a t i o n  Vib ra to ry  
-- 

F a c i l i t y  is described i n  d e t a i l  i n  r e f e r e n c e  5. However, a s h o r t  sum- 

mary w i l l  be inc luded  h e r e  for  completeness .  

The f a c i l i t y  c o n s i s t s  of  a n  a u d i o - o s c i l l a t o r ,  power a m p l i f i e r ,  

piezoelectric c r y s t a l  w i t h  coupled e x p o n e n t i a l  h o r n ,  p r e s s u r e  ves- 

se l  and h igh  t empera tu re  furnace .  F ig .  1 is a schemat ic  b lock  d i a -  

gram o f  t h e  v i b r a t o r y  f a c i l i t y  and its a s s o c i a t e d  a u x i l i a r y  equipment. 

- 1 -  
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The s i g n a l  supp l i ed  by t h e  v a r i a b l e  frequency aud io -osc i l l a -  

to r  is amplif ied and a p p l i e d  t o  a lead z i r c o n a t e - t i t a n a t e  piezo- 

electric crystal .  The a p p l i c a t i o n  of  t h e  electric f i e l d  t o  t h e  

piezoelectric c r y s t a l  produces a mechanical s t r a i n ,  t h e  magnitude 

of which is p r o p o r t i o n a l  t o  t h e  squa re  of t h e  a p p l i e d  f i e l d  s t r e n g t h .  

The r e s u l t i n g  p e r i o d i c  v a r i a t i o n s  i n  t h e  axial  e x t e n t  of the  c rys ta l  

c o n s t i t u t e s  a s t a n d i n g  wave generator. The c r y s t a l  is attached t o  

a n  exponen t i a l  horn  which amplifies t h e  minute v a r i a t i o n s  i n  c r y s -  

t a l  l e n g t h  t o  m a x i m u m  displacements  of t h e  horn  t i p  of approximate- 

l y  3.5 m i l s  a t  20 kHz. However, a s t a n d a r d  ampli tude of 2 m i l s ,  

which cor responds  t o  previous  tests,  has  been adopted. 

The movement of t h e  horn t i p ,  t o  which t h e  tes t  specimen is at-  

tached, r e s u l t s  i n  a r a p i d  v a r i a t i o n  i n  local pressure ,  caus ing  the  

periodic formation and collapse of a n  i n t e n s e  c a v i t a t i o n  c loud .  The 

f i n a l  r e s u l t  is a n  accelerated e r o s i o n  of t h e  tes t  specimen exposed 

t o  the  c o l l a p s i n g  bubble c l o u d .  T h i s  f a c i l i t y  h a s  been operated suc-  

c e s s f u l l y  for  extended periods a t  f l u i d  tempera tures  i n  excess  of 

150O0F. F igu res  2 and 3 show t h e  f a c i l i t y  w i t h  t h e  t r a n s d u c e r  horn 

assembly  both i n  and o u t  of t h e  h i g h  tempera ture  c a v i t a t i o n  v e s s e l .  

The vessel is i n s e r t e d  i n  t h e  fu rnace  du r ing  high-temperature opera- 

t i o n .  Argon is used as a cover  gas for  t h e  f l u i d .  F ig .  4 shows t h e  

f u r n a c e  and c a v i t a t i o n  v e s s e l  w i t h  t h e  t r a n s d u c e r  i n  p l ace .  The 

t r a n s d u c e r  components are shown disassembled i n  Fig.  5 .  

The specimen, detailed i n  Fig.  6 ,  is screwed i n t o  t he  end of 

t h e  exponen t i a l  horn  and t i gh tened  w i t h  a s p e c i a l  wrench, which does 

not measurably damage t h e  specimen. In previous  i n v e s t i g a t i o n s 5  it 

w a s  found t h a t  t h e  greatest ampli tude cou ld  be obta ined  w i t h  speci- 

mens having a weight  of 9.4 + 0.1 grams. S ince  t h e  d e n s i t y  of t h e  - 

- 2 -  
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.I 

materials t o  be tested does vary ,  it is necessary  t o  a d j u s t  dimen- 

sion "A" of Fig. 6 so t h a t  t he  specimen under test w i l l  weigh t h e  

necessary  9.4  grams. 

I1 I. TEST PROGRAM 

A. Experimental  Procedure 

The specimen t o  be tested w a s  i n i t i a l l y  weighed, attached 

t o  t h e  exponen t i a l  horn t i p  and t h e n  immersed i n  mercury t o  a dep th  

of 1-1/2 inches .  An argon cover gas p r e s s u r e  of 2.4  ps ig  w a s  main- 

t a i n e d  i n  t h e  test v e s s e l .  The mercury temperature  w a s  maintained 

a t  500°F by s u i t a b l e  adjustment  of t h e  furnace .  

A l l  of t h e  specimens were tested for  a t o t a l  of 12  hours  i n  

t h e  c a v i t a t i o n  environment. A t  i n t e r v a l s  t h e  specimens were removed 

from t h e  tes t  v e s s e l ,  vacuum d i s t i l l e d  t o  remove any trace of m e r -  

c u r y ,  fo r  a period of t w o  hours  a t  500°F, v i s u a l l y  examined and 

weighed. Weighing accuracy is + 0.05 m g .  The specimen s u r f a c e  w a s  

c a r e f u l l y  in spec ted  for  s i g n s  of uneven damage or other blemishes,, 

which would tend  t o  d i s r u p t  t h e  f l u i d  i n  t h e  area of t h e  test speci- 

men, before t h e  tes t  started.  

B. Experimental  Resu l t s  

- 

The exper imenta l  r e s u l t s  are d isp layed  as cumulat ive mean 

d e p t h  of  p e n e t r a t i o n ,  MDP, ve r sus  test  d u r a t i o n .  The computation of 

MDP assumes t h a t  t h e  damage is uniformly sp read  over  t h e  lower hori-  

z o n t a l  s u r f a c e  of t h e  test specimen. Visua l  examinat ion of t h e  

i n d i v i d u a l  test specimens i n d i c a t e s  t h a t  t h e  c a v i t a t i o n  damage does 

occur  approximately uniformly over  t h e  exposed s u r f a c e  of t h e  speci- 

men for these tests (though n o t  for tests w i t h  lower d e n s i t y  f l u i d s  

such  as water). The MDP va lues  are assumed t o  be more p h y s i c a l l y  

- 3 -  



meaningful t h a n  weight loss since it  is g e n e r a l l y  t h e  t o t a l  pene t ra -  

t i o n  of t h e  p a r t i c u l a r  component by c a v i t a t i o n  erosion t h a t  would 

render  it u n f i t  f o r  s e r v i c e .  Of c o u r s e ,  n e i t h e r  weight loss  nor MDP 

is s e n s i t i v e  t o  damage d i s t r i b u t i o n  and form, i . e . ,  damage may va ry  

f r o m  i s o l a t e d  deep p i t s  t o  r e l a t i v e l y  uniform wear, depending on t h e  

m a t e r i a l - f l u i d  combination f o r  a g iven  t e s t  f a c i l i t y .  A " f i g u r e  of 

merit" such as MDP t a k e s  i n t o  account t h e  large va r i a t ion  i n  d e n s i t y  

t h a t  may occur  w i t h i n  a set of test materials. 

In computing t h e  MDP from weight loss ,  t h e  fo l lowing  expres-  

sion w a s  used:  

MDP = W 

where : 

MDP = mean depth of p e n e t r a t i o n  

W = weight  loss  

A = cross sectional area of t es t  specimen 

? = d e n s i t y  of t e s t  specimen 

The a p p r o p r i a t e  expres s ions  f o r  computing t h e  MDP of t h e  t h r e e  test 

materials are presented  i n  Table 1. 

Material 

Columbium 

Table  1 

Density Re la t ionsh ip  

8.58 gm/cc MDP(mi1s) = 0.030 W/mg 

Tantalum 17.12 gm/cc MDP(mi1s) = 0.015 W/mg 

9M 7.70 gm/cc MDP(mi1s) = 0.034 W/mg 

Fig .  7 is a p l o t  of  weight  loss v e r s u s  t e s t  d u r a t i o n  of t h e  

t h r e e  materials t e s t e d .  Two specimens of ea.ch material were t e s t e d  

w i t h  e x c e l l e n t  agreement between specimens except  f o r  t h e  tantulum. 

As noted ,  t h e  rate of weight loss i n  a l l  cases is q u i t e  c o n s t a n t  

- 4 -  
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dur ing  t h e  major p o r t i o n  o f  t h e  tes t  so t h a t  t h e  m a t e r i a l s  can 

b e s t  be compared on t h e  basis  of t h e  s l o p e  of t h e  accumulated 

damage v e r s u s  t i m e  curve.  
3 Fig .  8 i n c l u d e s  d a t a  prev ious ly  ob ta ined  on o t h e r  m a t e r i a l s  i n  

mercury a t  500°F, a long  wi th  t h e  p r e s e n t  weight loss d a t a .  I t  is 

s e e n  t h a t  t h e  weight loss  ra te  of t h e  pure  r e f r a c t o r i e s  does no t  

d i f f e r  g r e a t l y  from t h a t  of t h e  corresponding a l l o y s  and t h a t  t h e  

9M is q u i t e  comparable t o  304 SS. Figs .  9 and 10 show t h e  accumu- 

l a t e d  MDP i n  m i l s v e r s u s t e s t  du ra t ion .  F ig .  9 is a p l o t  of t h e  d a t a  

o b t a i n e d  i n  t h i s  s tudy  a lone .  On t h e  b a s i s  of weight loss  or  MDP, 

9M is t h e  m o s t  r e s i s t a n t  t o  c a v i t a t i o n  e r o s i o n  i n  t h e s e  tests. 

However, on  t h e  b a s i s  of MDP, t h e  tan ta lum is only  s l i g h t l y  less 

r e s i s t a n t .  The columbium is by f a r  t h e  least  r e s i s t a n t  t o  c a v i t a t i o n  

a t t a c k  o f  t h e  m a t e r i a l s  tested, bu t  is comparable i n  t h i s  r e s p e c t  

t o  t h e  a l l o y ,  Cb-1Zr. 

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  weight loss curves  f o r  9M 

and tan ta lum a r e  q u i t e  l i n e a r ,  b u t  s l i g h t l y  bowed downward f o r  t h e  

columbium. Vi sua l  examination of t h e  s u r f a c e  of t h e  samples shows 

t h a t  t h e  damage on  a l l  of t h e  samples is approximately uniform o u t  

t o  t h e  o u t e r  edge. However, t h e  columbium, having t h e  l a r g e s t  

volume loss, h a s  a s u b s t a n t i a l  r i m  around t h e  pe r iphe ry  which is 

r e l a t i v e l y  undamaged. T h i s  r a i s e d  o u t e r  r i m  appa ren t ly  p e r t u r b s  

t h e  f l o w  p a t t e r n  on  t h e  s u r f a c e  of t h e  sample so t h a t  t h e  ra te  o f  

damage dec reases  a s  t h e  r i m  becomes more prominent. The s u r f a c e  

of each  of t h e  specimens h a s  been photographed and is shown i n  

F i g .  11. The r a i s e d  r i m  of t he  columbium sample is not  n o t i c e a b l e  

i n  t h e  photograph s i n c e  t h e  i nc iden t  ang le  of  t h e  camera is normal 

t o  t h e  sample s u r f a c e .  
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The r a t e s  of damage, based on t h e  uniform slope p o r t i a n  of t h e  

curves  for  each of t h e  m a t e r i a l s  a r e  l i s ted  i n  Table  2. A l s o  tabu- 

l a t e d  fo r  comparative purposes  a r e  t h e  r a t e s  o f  t h e  other m a t e r i a l s  

which a r e  shown on t h e  graphs.  

C. Mechanical Properties 

S t r e s s - s t r a i n  cu rves  and hardness  tests have been performed on 

3 

the  three m a t e r i a l s  i n v e s t i g a t e d  i n  t h i s  s tudy .  The s t r e s s - s t r a i n  

tests were performed a t  500°F t o  correspond to  t h e  test  tempera ture  

used i n  t h i s  experiment .  From t h i s  d a t a  v a r i o u s  mechanical p r o p e r t i e s  

have been c a l c u l a t e d  and a r e  shown i n  Table  3. 

I n  p rev ious  tests i n  t h i s  l a b o r a t o r y l Y 3 ,  a number of p r e d i c t i n g  

e q u a t i o n s  were determined w h i c h  r e l a t e  t h e  v a r i o u s  mechanical p r o p e r t i e s  

to t h e  average r a t e  of m a t e r i a l  a t t r i t i o n .  These c o r r e l a t i n g  equa- 

t i o n s  w e r e  ob ta ined  us ing  a l e a s t  mean s q u a r e s  stepwise r e g r e s s i o n  

a n a l y s i s  on The Un ive r s i ty  of Michigan IBM 7090 computer. 

From t h i s  work involv ing  about 70 s e p a r a t e  f l u i d - m a t e r i a l -  

t empera ture  combinations inc lud ing  water ,  mercury, lead-bismuth, a l l o y ,  

and l i t h i u m ,  and cover ing  temperature  extremes between room tempera- 

t u r e  and 1500°F, it was found t h a t  t h e  bes t  o v e r a l l  s i n g l e  m a t e r i a l  
1,3* p r o p e r t y  c o r r e l a t i n g  equa t ion  was i n  terms of u l t i m a t e  r e s i l i e n c e  . 

Even so, t h e  average a l g e b r a i c  p e r c e n t  d e v i a t i o n  was about 5oqb. How- 

e v e r ,  for  a s i n g l e  f l u i d  such  a s  mercury, better c o r r e l a t i o n s  w e r e  

o b t a i n e d  ( i n  terms of increased  coefficient of de te rmina t ion  and 

reduced pe rcen t  d e v i a t i o n  ) . The o v e r a l l  equa t ion  invo lv ing  u l t i m a t e  

r e s i l i e n c e  and s e v e r a l  other equa t ions  gene ra t ed  only  fo r  t h e  p rev ious  

mercury d a t a ,  b u t  which app l i ed  reasonably  w e l l  a l s o  t o  t h e  p r e s e n t  d a t a ,  

* A l l  these p r o p e r t i e s  a r e  w e l l  d e f i n e d  i n  references 1 and 3. 
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I .  

a r e  l i s t e d  i n  Table  4. P r o p e r t i e s  involv ing  t r u e  breaking  s t r e n g t h  

are not  u s e f u l  wi th  pure  columbium, s i n c e  it s u f f e r s  almost 100% 

reduc t ion  of area before breaking.  Hence " t r u e  s t r a i n  energy" 

which c o r r e l a t e d  w e l l  for  t h e  mercury d a t a  a l o n e  (al though not  on an  

o v e r a l l  b a s i s l P 3 )  cannot be used f o r  t h e  p r e s e n t  d a t a .  

b reaking  s t r e n g t h  for  t h e  c a l c u l a t i o n  of  u l t i m a t e  r e s i l i e n c e  was 

assumed t o  be t h a t  e x i s t i n g  a t  maximum load  i n  t h e  s t r e s s - s t r a i n  

r e l a t i o n s h i p  f o r  t h i s  m a t e r i a l ,  assuming no r e d u c t i o n  of a r e a .  

Also, t h e  

Using these equa t ions ,  a comparison of d a t a  from t h e  p r e s e n t  

i n v e s t i g a t i o n  wi th  t h a t  o f  a prev ious  s tudy  was made. Curves 

r e p r e s e n t i n g  each of t h e  f o u r  p r e d i c t i n g  e q u a t i o n s  have been p l o t t e d  

s e p a r a t e l y  (Fig.  12,  13, 14 and 15) and compared wi th  a l l  t h e  d a t a  

o b t a i n e d  i n  500°F mercury (present  and p a s t  tes ts) .  

t e n s i l e  s t r e n g t h  and hardness  agree  b e s t  wi th  t h e  p r e d i c t i n g  equa- 

t i o n .  

I V .  SUMMARY AND CONCLUSIONS 

For t h e s e  tests,  

The exper imenta l  s tudy  which has been d e s c r i b e d  i n  t h i s  r e p o r t  

h a s  r e s u l t e d  i n  a q u a l i t a t i v e  ranking of  pure  columbium, tantulum, 

and 9M steel  accord ing  t o  t h e i r  a b i l i t y  t o  resist c a v i t a t i o n  e r o s i o n  

a t t a c k  i n  mercury a t  500°F i n  a 2OkH2, 2 m i l ,  v i b r a t o r y  f a c i l i t y  a t  

approximately one atmosphere overpressure .  

The pure  columbium w a s  by f a r  t h e  l e a s t  r e s i s t a n t  t o  c a v i t a t i o n  

a t t a c k ,  be ing  somewhat worse than  a h e a t - t r e a t e d  Cb-1Zr a l l o y  which 

h a s  been t e s t e d  and r e p o r t e d  previous ly  (al though somewhat b e t t e r  

t h a n  annealed Cb-lZr)3. 

rate curve  f o r  t h e  columbium may be due t o  t h e  change i n  t h e  "flow 

p a t t e r n "  of t h e  c a v i t a t i o n  cloud a s  t h e  o u t e r  r i m ,  which is formed 

by the  loss of m a t e r i a l ,  becomes more prominent.  

The s l i g h t l y  non-l inear  behavior  of  t h e  

The tan ta lum and 9 M  rank q u i t e  c l o s e l y , w i t h  t h e  9M being  on ly  

s l i g h t l y  b e t t e r  t h a n  t h e  tantalum. The pure  tantalum, l i k e  t h e  pure  
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columbium, is not  a s  damage r e s i s t a n t  a s  a l l o y s  of t h e  same m a t e r i a l  

seem t o  be. 

I n t e r e s t i n g  o b s e r v a t i o n  can be made r ega rd ing  t h e  comparison of 

t h e  9M w i t h  t h e  o t h e r  steels which have been tested. The 9116 is more 

r e s i s t a n t  t h a n  304 SS bu t  no t  q u i t e  a s  r e s i s t a n t  a s  316 SS or  a s  t h e  

cold rolled carbon steel. 

Some p e r t i n e n t  mechanical p r o p e r t i e s  of t h e  p r e s e n t  m a t e r i a l s  

have been measured, and t h e  damage d a t a  compared w i t h  p rev ious ly  

gene ra t ed  p r e d i c t i n g  e q u a t i o n s  based on these p r o p e r t i e s .  For t h i s  

p a r t i c u l a r  d a t a ,  t h e  best c o r r e l a t i o n s  w i t h  t h e  p r e d i c t i n g  equa t ion  

a r e  o b t a i n e d  wi th  t e n s i l e  s t r e n g t h  and hardness .  

While  t h e  p r e s e n t  tests were a t  500°F, t empera tures  i n  t h e  SNAP 

Previous  exper ience  in-  boi ler  are expected t o  range up t o  110O0F. 

dicates t h a t  damage may be much less a t  t h e  e l e v a t e d  tempera ture  due 

t o  "thermodynamic e f f e c t s "  . 
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TABLE 2 

Summary of Cavitation Results 

in Mercury at 500°F 

* 
Average Rate ** 

Material mil/hr . Material 

Columbium 2.56 Cb-1Zr 

T-111 

Tantalum .971 T-222 

304 SS 

9M .670 316 SS 

* Present Tests 
** 

Previous Tests 

Hot rolled carbon 
steel 

Cb-1Zr (A) 

Average Rate 
mil/hr . 
2.43 

0.43 

0.46 

0.69 

0.63 

0 -61 

3-73 
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TABLE 3 

Mechanical P r o p e r t i e s  D a t a  f o r  

Columbium, Tantalum and 9 M  a t  500°F 

T e n s i l e  S t r e n g t h ,  p s i  

Yield S t r e n g t h ,  p s i ,  0.1% 

Yield S t r e n g t h ,  p s i ,  0.2% 

U l t i m a t e  R e s i l i e n c e ,  p s i  

Engr.  S t r a i n  Energy, p s i  

True S t r a i n  Energy (new), p s i  

DP Hardness,  1 kg 

E longa t ion  % 

Area Reduction '16 

Elas t i c  Modulus, p s i  

M a t e r i a l  

Columbium Tantalum 

27 000 47 600 

9 900 14 900 

11 250 15 800 

42.95 45.7 

8 000 13 750 

421 000 65 000 

85.8 124.6 

40.0 35.0 

97.8 87.5 

8 . 5 4 ~ 1 0 ~  2 4 . 8 ~ 1 0 ~  

9 M  

75 000 

42 800 

45 500 

97.2 

15 200 

43 200 

- 

228.9 

22.5 

65.0 

29 .0x106 
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TABLE 4 

Summary of S i n g l e  Proper ty  Correlat ions - Mercury 

P rope r ty  P r e d i c t i n g  Equation 

Ul t imate  R e s i l i e n c e ,  (UR) : *AMR = 0.142 + 8.918 (ur)-’I2 

CD** 

0.780 

- 

Hardness, (H) : AMR = 0.242 + 1.76 x lo4 0.921 

T e n s i l e  S t r e n g t h ,  (TS) : AMR = -0.38s + 9.59 x 104 ( ~ ~ 1 - l  0.909 

Eng’r S t r a i n  Energy, (ESE) A M R  = -0.179 + 1.58 x lo4 (ESE)-’ 0.752 

* AMR = Average MDP r a t e  

** C o e f f i c i e n t  of  Determination 

Note: C o r r e l a t i n g  equa t ion  for Ult imate  R e s i l i e n c e  a p p l i e s  t o  many 

f l u i d s  and tempera tures  ’ P 3 .  
3 Others  apply o n l y  t o  mercury . 

- 11 - 



BIBLIOGRAPHY 

1. Garc ia ,  R . ,  and Hammitt, F. G . ,  "Cav i t a t ion  Damage and Corre la -  

t i o n s  wi th  Mechanical and F lu id  P r o p e r t i e s , "  1967 ASME F l u i d s  

Engineer ing Conference and F l u i d s  Symposium, Chicago, I l l i n o i s ,  

May 1967. 

2.  Garc ia ,  R . ,  and Hammitt, F. G., "Cav i t a t ion  Damage i n  Liquid 

Metal Cooled Reactor Power P l a n t s , "  T ransac t ions  ANS, 13 th  

Annual Meeting, San Diego. 

3. Garc ia ,  R. ,  "Comprehensive C a v i t a t i o n  Damage Data f o r  Water and 

Various Liquid Metals Including C o r r e l a t i o n s  w i t h  Ma te r i a l  and 

F l u i d  P r o p e r t i e s , "  Ph.D. Thes is ,  Department of Nuclear Engineer ing,  

The Un ive r s i ty  o f  Michigan, August 1966; a l s o  a v a i l a b l e  a s  ORA 

Technica l  Report  N o .  05031-6-T, The U n i v e r s i t y  of Michigan. 

4 .  H a m m i t t ,  F. G. ,  "Cavi ta t ion  Damage and Performance Research 

F a c i l i t i e s , "  Symposium on C a v i t a t i o n  Research F a c i l i t i e s  and 

Techniques,  pp. 175-184, ASME F l u i d s  Engineer ing Div is ion ,  March 

1964. 

5 .  Garc ia ,  R . ,  and Hammitt, F. G . ,  "Ultrasonic-Induced C a v i t a t i o n  

S t u d i e s , "  ORA Technica l  R e p o r t  N o .  05031-1-T, Department o f  

Nuclear  Engineer ing,  The Univers i ty  of  Michigan, October 1964. 

- 12 - 



OSCILLOSCOPE 
AUDIO 

OSC ILL  ATOR i 
0 

0 
0 

0 
0 

FURNACE __.' 
0 

POWER 1 SUPPLY 

~ ACCELEROMETER 

TRANSDUCER 
ASS E M B LY 

PIEZOELECTRIC 
RYS TA LS 

VESSEL TOP 
P L A T E  

x 

k- TEST 
SPECIMEN 

7" 
HIGH- TEMPERATURE 
CAVITATION VESSEL 

1609 
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Fig. 2.--High-temperature cavitation facility 
with the ultrasonic transducer in place. 

x 

Fig. 3.--High-temperature cavitation facility 
with the ultrasonic transducer removed. 
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F i g .  4.--Close-up of the  furnace and high-temperature 
c a v i t a t i o n  v e s s e l  with t h e  u l t r a s o n i c  transducer 
i n  p l a c e .  

F i g ,  5.--Various components of t h e  u l t r a s o n i c  
f a c i l i t y .  
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